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believe that a hallmark of good 
science is that it can be explained 
concisely in simple, jargon-free 
terms to a non-scientist. Karl 
von Frisch, the famous Nobel 
laureate who championed the 
study of honeybee behaviour, is 
said to have commented that a 
good scientific seminar should be 
organized in three parts. The first 
part should consist of material that 
the audience already knows, so that 
they feel comfortable with the topic. 
The second part should present 
material that the audience does 
not know, but can grasp easily, so 
they realize that the speaker can 
actually teach them something new. 
The third part, according to von 
Frisch, should be so complex and 
incomprehensible that the audience 
is overawed! I have to disagree 
about part three — I do my best 
to confine my talks to the first two 
parts. Personally, I find it hard to 
be swayed by a talk that I do not 
understand.
In your opinion, what are some of 
the major, unresolved questions 
in your research area? Biology 
is replete with enigmas, which 
is what makes it so challenging 
and interesting. One of the major 
enigmas in my general area would 
have to be the nature and the 
organization of memory. Although 
we have tantalizing hints about 
the neural mechanisms that 
might underlie simple forms of 
learning, we are still completely 
at a loss to explain the early 
observations by Wilder Penfield, 
revealing that the brain appears 
to store a vast amount of detailed 
information about past events at 
a subconscious level — a level 
that is not normally accessible 
at will. I am also fascinated by 
the neural basis of physical pain, 
and of emotions such as anger, 
disappointment, frustration, 
anticipation and joy. It would be 
very interesting, in my opinion, 
to explore the extent to which 
these sensations are present in 
creatures with relatively simple 
nervous systems, including 
invertebrates.
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What is contingency? Chance, 
in a word. For instance, all living 
sea urchins, sand dollars, heart 
urchins and other echinoids are 
descended from one (possibly 
two) species that survived 
the great End-Permian mass 
extinction 252 million years 
ago. As it happened, this one 
group had two columns of 
plates in the test between the 
‘petals’ that one sees on the 
surface of a sea urchin or sand 
dollar.  Consequently all the 
descendents also have these two 
rows of so-called interambulacral 
plates, while in Permian species 
the number of rows of these 
interambulacral plates varied from 
one to eight. One can argue that 
the group with two plates was 
somehow better adapted, or that 
they simply survived by chance. In 
truth, either possibility is equally 
likely. Because we only have a 
single case, we have no way to 
choose between the two. 
How do we know? We don’t! 
The extent of convergence 
(similar morphologies from 
independent lineages) has 
been revealed by phylogenetic 
analyses of many different 
groups. Such studies show that 
convergence is ubiquitous at 
many different taxonomic levels. 
But contingency is much harder 
to test for. Stephen Jay Gould 
was the most famous proponent 
of contingency. In his 1989 book 
Wonderful Life he argued that a 
plethora of phyla arose during 
the Cambrian diversification of 
animals and that chance played 
a significant role in which groups 
survived and which disappeared. 
He famously argued that if 
one ran the experiment again, 
priapulid worms might be as 
familiar as annelids are today.
Never heard of priapulids? That’s 
just the point! In case you care, they are a phylum of predatory 
worms. There are less than 20 
species of priapulid now, but 
they were quite successful in the 
Cambrian.
Why does this matter? Gould’s 
claims of contingency incensed 
some evolutionary biologists, 
because they were seen as a 
challenge to the primacy of 
adaptation in controlling the 
history of life. In truth, neutral 
evolution and genetic drift had 
already raised doubts about the 
pervasiveness of adaptation. But 
if contingency is as ubiquitous 
as Gould claimed, then adaptive 
selection may play less of a 
role in evolution, at least over 
longer time scales, than many 
evolutionists would accept. But 
as Darwin noted, selection is 
daily scrutinizing each individual, 
whereas the unselective filtering 
by contingency may happen even 
less frequently than a blue moon. 
So, convergence due to selection 
and contingency may operate on 
completely different time scales.
And how does constraint figure 
in? We recently showed that 
Palaeozoic snails repeatedly 
discovered the same limited 
set of shell forms. This seems 
to be due to a limited range of 
solutions to a particular problem 
snails faced during this time, 
principally ensuring the flow 
of currents through the shell 
did not mix. In this case, there 
was ongoing variation in shell 
form, but the limited range of 
viable solutions constrained 
the evolutionary history of 
different groups of snails so 
that they converged on similar 
forms. When predators on snails 
became more abundant in the 
past 200 million years the rules 
of the game changed. Protection 
from shell crushing was more 
important than water flow, and 
new shell forms appeared. In 
fact, several shell forms that were 
fabulously successful for over 
400 million years turned out to 
be a very bad idea indeed once 
crabs appeared on the scene.
Why don’t elephants have 
titanium legs? Although the 
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What is convergence? Consider 
your eye and that of an octopus. 
Both are built based on the 
camera principle, yet you are 
closely related to a starfish while 
the octopus is a near cousin of 
the oyster. The common ancestor 
of you and the octopus lived 
about 550 million years ago and 
at most possessed a simple 
eye-spot. Regarding the eyes, 
vertebrates and molluscs have 
arrived at the same solution, 
and in doing so have solved 
equally successfully problems 
such as how to correct spherical 
aberration. Camera-eyes are a 
brilliant evolutionary invention, 
and so it is less surprising that 
they convergently emerged in at 
least five other groups, including 
cubozoan jellyfish. And here is 
something else these groups have 
in common: with the exception of 
some snails that are ‘landscape 
artists’ (well, they are adept 
at spotting routes to safety on 
salt- marshes), all are fast-moving, 
predators and show an interesting 
tendency towards intelligence.
But aren’t all camera-eyes 
built using the famous Pax- 6 
gene? Indeed, but so are 
compound eyes and they evolved 
independently at least four times. 
Pax-6 was almost certainly 
recruited from a more primitive 
role in the development of anterior 
sensory fields. That explains why 
this gene is also expressed in the 
nose and brain, as well as salivary 
glands. Remember also that 
nematodes lack eyes, but they 
possess Pax-6. To insist that a 
gene like Pax-6 ‘makes’ an eye is 
an over-simplification: necessary 
but not sufficient.
Isn’t convergence obvious? 
Tell that to the famous Victorian 
naturalist Henry Bates. In 
the Amazon, he was hunting 
hummingbirds and — extensive as 
his knowledge was — he routinely 
shot sphinx moths by mistake. 
Local people insisted that moth League dreams of breeding 
players with titanium knees, 
they will have to make do with 
bones and ligaments for the 
foreseeable future. Constraints 
come in many forms, from those 
that limit the range of variation 
available for natural selection 
to act upon (elephants with 
titanium legs seem unlikely to 
appear) to the physical forces 
of fluid dynamics, gravity and 
the like. In 1995, Kurt Schwenk 
usefully divided constraints into 
two different classes. For one 
class, the constraint operates 
because organisms simply are 
unable to produce new variants, 
like titanium bones, that might 
be useful. Therefore, natural 
selection has no variation to use 
in sculpting new solutions. The 
second class of constraint is one 
where there is abundant variation, 
but various forces act through 
natural selection to limit the range 
of solutions. Schwenk pointed 
out that here constraint isn’t 
even the right term — limitations 
are due to good old stabilizing 
selection.
Are there good examples? Take 
ichthyosaurs, these Triassic 
reptiles occupied a range of 
marine habitats, from estuaries 
and lagoons to the open ocean. 
The open ocean forms look for 
all the world like a tuna, until one 
gets up close and personal. This 
is because both ichthyosaurs and 
tuna played the same role in life: 
fast open ocean predators. The 
forces of fluid dynamics are the 
same in each case, and a narrow, 
streamlined body form with a 
powerful tail fin is the optimal 
engineering solution. 
Do constraints only operate 
on form? Hardly. Biologists 
have documented constraints 
in morphology for years, but 
some of these may reflect the 
underlying potential of genetic 
and developmental regulatory 
systems. Arthropods, for instance, 
have segmented bodies, and this 
modular construction is thought 
to have played a major role in their 
success. But anatomical modularity 
reflects modularity in development, 
in this case of Hox genes and other 
developmental regulators.Is a new theory of evolution 
in the offing? Almost certainly. 
Not a replacement for Darwin, 
nor a repudiation of the Modern 
Synthesis of the past 60 years; 
but an expansion that will 
include a more prominent role 
for the developmental genetics 
of evo-devo — in contrast to 
the transmission genetics of the 
Modern Synthesis. It will also 
include a greater appreciation for 
interesting biases in the generation 
of variation and possibly a role 
for a more hierarchical view of 
evolution as championed by Gould.
Are contingency and 
convergence opposing views of 
how evolution operates? One 
hopes not, as both have clearly 
been important in the history of 
life. As is so often the case in 
evolutionary biology, this is an 
issue of relative frequency, not 
absolute possibility. Chance can 
limit which groups are around to 
evolve, where they live, and even 
the range of future morphological 
possibilities. Convergence often 
reflects limited engineering 
solutions to particular problems, 
but does not predict that 
particular groups are likely to 
survive over the long-term. And 
convergence has little to do with 
many aspects of evolution where 
selection, genetic drift and chance 
are free to come up with the 
remarkable diversity of butterfly 
wing patterns, arthropod legs or 
the colors on seashells. 
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